An Escherichia coli Hfr strain in which three negative chromosomal alleles (leu-, arg-, and mtl-) were closely linked to three positive alleles (ara+, rha+, and xyl+, respectively) was employed in matings with a Salmonella typhosa recipient. The detected expression of the negative E. coli alleles in S. typhosa hybrids selected for receipt of an associated positive E. coli marker was used to determine the occurrence of haploid S. typhosa recombinants, as distinguished from stable partial diploid hybrids. At the same time, the inheritance patterns and segregation behavior of the positive alleles provided indicators of the occurrence of partial diploid hybrids. Examination of both positive and negative markers inherited by ara+, rha+ and xyl+ selected S. typhosa hybrid classes indicated that relatively short E. coli chromosomal segments (generally about 4 min or less in length) were involved in recombination (haploidy), whereas rather extensive E. coli genetic segments were conserved in the diploid state. S. typhosa hybrids selected for receipt of the ara+ marker showed a 52% incidence of leu-haploidy, which is probably close to being an accurate measure of recombination at the site of the ara+ allele. S. typhosa hybrids selected for receipt of the rha+ or xyl+ markers showed only a 20% incidence of arg-or mtl-haploidy, respectively, but both of these hybrid classes exhibited a higher incidence of conservation of extensive E. coil diploid segments than did the ara+ selected class. Remating of haploid S. typhosa hybrids with recombinant xyl+ mtl-or rha+ arg-regions resulted in higher frequencies of hybrid recovery than were observed in the initial matings. However, there was a higher incidence of partial diploidy and a lower incidence of haploidy among the hybrids obtained from these rematings.
Genetic crosses between Escherichia coli Hfr strains and Salmonella typhosa recipients frequently result in the formation of heterozygous, partial diploid S. typhosa hybrids (3, 4) . This phenomenon, seen also in matings between E. coli and Shigella flexneri (1 1) and between E. coli and Proteus mirabilis (12) is, in itself, of considerable interest and has been the subject of continuing investigations in this laboratory (3, 12, 13) . However, it is often desirable to obtain haploid intergeneric hybrids in which the genetic contribution of the donor parent is conserved, not as a potentially unstable addition to the recipient genome (partial diploid) but as a stable substitution of the homologous region of the recipient chromosome. In the E. coli x S. typhosa mating system, the recovery of haploid hybrids is complicated both by the high incidence of partial diploid hybrids and by the difficulty involved in differentiating true recombinants from stable partial diploids.
The problem of recognition of the haploid state of S. typhosa hybrids stems from the necessity of employing dominant, positive E. coli donor alleles (such as those determining the ability to utilize or ferment a carbohydrate) as selective markers in the cross. An S. typhosa partial diploid hybrid, in which the inherited carbohydrate fermentation allele of an E. coli donor is not stably conserved, may be observed to segregate both positive (fermenting) and negative (nonfermenting) phenotypes when streaked on differential media (3, 4) . This segregation is, of course, demonstrative of the diploid state of that allele. However, some partial diploid S. typhosa hybrids have been observed in which the positive E. coli alleles were stably conserved over many years before negative segregants were finally detected (3) . Thus, the absence of detectable negative segregants from an S. typhosa hybrid containing a positive donor allele suggests, but does not establish, the haploid state.
The haploid condition of an E. coli gene in an S. typhosa hybrid is demonstrable when that gene determines a recessive or negative phenotype for which the corresponding Salmonella allele is a dominant or positive determinant. This situation was initially observed in the fortuitous isolation of the S. typhosa hybrid x 30D in which integration of the met-(methionine requiring) allele of the E. coli donor rendered that hybrid incapable of synthesizing this amino acid (10) . In the diploid state the expression of this negative E. coli allele is not phenotypically detected in S. typhosa hybrids. A similar opportunity for demonstrating haploidy occurs when the transferred E. coli genetic segment bears the determinant of streptomycin resistance, str-r, which is recessive to the determinant of streptomycin sensitivity (16) on the S. typhosa chromosome. In the diploid state the hybrid remains sensitive to streptomycin, whereas integration (haploidy) of the E. coli str-r allele produces the streptomycin resistant phenotype (3). Of these two approaches, the use of negative donor alleles is, potentially, of wider applicability in the demonstration and study of haploid recombinants.
In the present study, therefore, we constructed and employed in matings with S. typhosa an E. coli Hfr strain possessing negative chromosomal markers located within I min of the positive markers used for selection. It was thus possible to determine the occurrence of haploidy in the crosses from the detected expression of these negative donor alleles in the S. typhosa hybrids. At the same time, the inheritance patterns and the instability of the positive E. coli alleles provided indicators of diploidy. From the examination of the inheritance of these positive and negative alleles in different hybrid classes produced by this mating system, we were able to gain some insights regarding the lengths of the E. coli genetic segments which generally undergo recombination in S. typhosa hybrids and the frequency with which such recombination occurs.
MATERIALS AND METHODS Organisms. The bacterial strains employed in this study are described in Table 1 . E. coli Hfr WR2009 was obtained by mating E. coli WR3053 with E. coli Hfr WR2004 and selecting hybrids receiving the terminal lac+ marker of the donor to which the sex factor is linked. In addition to the lac+ allele and the sex factor, E. coli Hfr WR2009 also received the pro+ allele of E.
coli Hfr WR2004 but retained its thr-, leu-, arg-, mtli, and his-characters; its transfer orientation is the same as that of Hfr WR2004 and is shown in Fig. 1 .
Selection, purification, and analysis of S. typhosa hybrids. Genetic crosses between E. coli Hfr WR2009 and S. typhosa WR4200 were performed in the manner described previously (14) . The minimal agar selective medium, also described previously (14) (3, 4) . Certain hybrids, especially those in which the expression of a negative donor allele was detected, were repeatedly replated during the course of this study and examined for possible segregation of their inherited positive alleles.
RESULTS
Inberitance pattern of xyl+ selected hybrids from the cross between E. coli Hfr WR2009 and S. typhosa WR4200. The inheritance pattern of E. coli markers in 104 xyl+ selected hybrids from the cross between E. coil Hfr WR2009 and S. typhosa WR4200 is shown in Table 2 . As explained above there was no bias in this mating (or in the succeeding ones), either in selection or purification procedures, against those hybrids inheriting and undergoing recombination of the negative donor alleles leu-, arg-, or mtl-. With regard to their inheritance of the positive E. coli alleles, the pattern observed in these hybrids is similar to that usually seen in S. typhosa hybrids when the distal xyl+ gene of an E. coli Hfr such as WR2004, or Hfr Cavalli, is the selected marker (Johnson and Baron, unpublished data). Inasmuch as our primary concern in this study was the demonstration of haploidy of inherited markers, we did not repeatedly replate and examine for marker segregation (diploidy) those hybrids in which the expression of a negative donor allele was not detected. Nevertheless, in the course of handling these xyl+ hybrids, the majority of them behaved as partial diploids, segregating clones from which the inherited positive alleles appeared to be lost. Of the 21 hybrids expressing the ara+ marker, all segregated the inherited rha+ allele, and all but one (the xyl+ mtltna+ rha+ ara+ hybrid) segregated the tna+ allele. In fact, loss of the xyl+ marked by segregation was observed from all but one of these ara+ hybrids (again, the xyl+ mtl-tna+ ara+), and the ara+ marker was unstable in all except the xyl+ tna+ rha+ ara+ leu-hybrid. Overall, loss of the rha+ marker by segregation was observed from most of the hybrids which inherited it, and these nonrhamnose fermenting segregants were frequently found to have lost both the xyl+ and tna+ markers as well. Many of the xyl+ tna+ hybrids were also observed to segregate both markers, although only 3 of the 11 (3, 10, 13) in similar hybrids, we infer that most of the xyl+ hybrids carried, as phenotypically undetected diploid genes, those negative E. coli alleles associated with the respective positive markers. Only in the case of the mtl allele, however, which is located I min proximal (see Fig. 1 ) to xyl+ (19) , was phenotypic expression of a negative donor marker detected among a significant number of the xyl+ hybrids. Twenty hybrids exhibited haploidy of the mtl-allele, and of these only five expressed positive E. coli markers other than the selected xyl+ allele or the closely linked (2 min proximal to mtl-; reference 19) tna+ allele. Of these five the three xyl+ mtl-tna+ rha+ hybrids were observed, upon replating, to segregate the rha+ marker; however, examination of 20 non-rhamnose fermenting segregants from each of these three hybrids showed that the tna+ and xyl+ alleles were stably retained in all cases. Similarly, the one xyl+ mtl-tna+ rha+ ara+ hybrid was found, upon replating, to segregate clones from which both the rha+ and ara+ markers appeared to be lost, but these segregants also retained the tna+ allele, as well as the selected xyl+ marker. Loss of the rha+ allele was also observed from the one xyl+ mtl-rha+ hybrid. We did not observe loss of the tna+ allele from any of the xyl+ mtl-tna+ hybrids, although lack of an efficient scoring procedure for detecting tna-segregants discouraged extensive examination of this marker. However, the retention of tna+ in the three xyl+ mtl-tna+ rha+ hybrids and in the xyl+ mtl-tna+ rha+ ara+ hybrid after segregation of the rha+ marker suggests that, in those hybrids at least, this allele has become integrated along with the neighboring mtlgene. Loss of the selected xyl+ marker was not detected from any of the 20 mtl-hybrids after numerous replatings. Again, this stability of the xyl+ marker, so closely associated with the haploid mtl-allele, suggests the haploid state of the xyl+ allele as well. Whereas 53 of these xyl+ selected hybrids expressed the rha+ E. coli allele, only one was detected as expressing the arg-allele, which is located 1.2 min proximal to rha+ on the Hfr chromosome (19) . Loss of the rha+ marker from this hybrid was not detected, although both the xyl+ and tna+ markers were segregated together from it. Likewise, expression of the leu-allele was detected in only one hybrid, and as already indicated this hybrid appeared stable only with regard to leu-and the linked ara+ allele.
Inberitance patterns of rha+ and ara+ selected hybrids from the cross between E. coli Hfr WR2009 and S. typhosa WR4200. It appeared, from the examination of the xyl+ selected hybrids, that appreciable occurrence of haploidy in this E. coli x S. typhosa cross was to be encountered only in the region of the selected marker. The inheritance pattern of 56 rha+ selected S. typhosa hybrids of E. coli Hfr WR2009 ( Table 3 ) further supported that notion. Again, only the negative donor allele, arg-, associated with the rha-selected marker was detected in a significant proportion of the hybrids. Expression of the arg-allele was detected in 11 of 56 rha+ selected hybrids. This inheritance percentage (roughly 20%) is comparable to that of the analogously located mtl-allele among the xyl+ selected hybrids. Of the 11 arg-hybrids, only one (the rha+ tna+ arg-hybrid) expressed a positive E. coli allele other than the selected rha+ marker.
As was the case with the xyl+ selected hybrids, we did not assiduously test all hybrids for the presence of nonfermenting segregants. Only those hybrids in which the expression of a negative donor allele as well as a positive donor allele was detected were repeatedly examined for segregation of the positive marker. Again, as was true of the xyl+ selected hybrids, none of the rha+ hybrids exhibiting the arg-allele was seen to segregate the associated rha+ marker, suggesting in those instances haploidy of the rha+ allele. Instability of inherited markers was observed, however, in the five rha+ tna+ xyl+ ara+ hybrids (all markers), the four rha+ tna+ ara+ hybrids (all markers), the three rha+ ara+ hybrids (ara+ in all cases, rha+ in two of the three), and the rha+ tna+ xyl+ hybrid (the xyl+ marker), as well as in a number of the rha+ and rha+ tna+ hybrids. The rha+ marker was segregated by the rha+ ara+ keu hybrid, but the ara+ character remained stable.
The rha+ tna+ mtl-xyl+ hybrid proved exceptional, in that the selected rha+ marker remained stable, as did both the xyl+ and tna+ markers associated with the haploid mtl-allele. This is thus the only hybrid encountered among those haploid for either the mtl-or arg-allele in which both the xyl+ and rha+ markers remained stable. Although the absence of detectable segregation is, as previously noted, no proof of haploidy, it is conceivable that this hybrid might be haploid over the entire rha+ to xyl+ region. This E. coli gene segment measures 6 min (19) .
Selection of hybrids of S. typhosa WR4200 receiving the ara+ marker of E. coli Hfr WR2009 resulted in the inheritance pattern shown in Table  4 . With respect to the positive markers, this pattern is similar to that previously observed among ara+ selected S. typhosa hybrids from the cross with the analogous E. coli Hfr WR2004 (13 inherited E. coli alleles. Segregation of the ara+ allele was also observed in 19 of the 25 hybrids which expressed only that marker. Again, appreciable expression of the negative donor alleles in these hybrids was detected only in the region of the selected marker. The leu-allele, which is situated less than 0.25 min proximal to the ara+ marker (19) underwent recombination in 44 of the 84 hybrids examined. Inasmuch as only six hybrids in which leu-expression was not detected were undetermined as to the haploid or diploid status of the ara+ allele, the 52% incidence of leu-haploidy is probably close to being an accurate measure of recombination at the site of the ara+ marker. The mtl-allele was detected in one hybrid, and the arg-allele was not detected at all.
Behavior of haploid hybrids of S. typhosa WR4200 on remating with E. coli Hfr WR2009. We were interested in determining whether remating haploid S. typhosa hybrids with E. coli Hfr WR2009 would result in a higher incidence of haploid recombinants than was generally observed in the crosses with unmated S. typhosa WR4200. Therefore, two rha+ selected haploid hybrids (a rha+ arg-and a rhal tnal arg-) and two xyl+ selected haploid hybrids (a xyl+ mtl-and a xyl+ mtl-tna+) were remated with E. coli Hfr WR2009. Offpsring from these matings were selected for receipt of either the xyl+ or the rha+ marker and examined for the inheritance of the associated negative allele, mtlor arg-. Their inheritance of the ara+ and leualleles of the donor was also scored. The results of this analysis are shown in Table 5 .
Although the frequencies of recovery of rha+ and xyl+ hybrids in these crosses were increased in all cases from 30-to 100-fold over those observed in the crosses with unmated S. typhosa WR4200, the incidence of detected expression of the arg-and mtl-alleles was reduced. Expression of the mtl-allele was detected in no more than 10% of the xyl+ selected hybrids, and expression of the arg-allele was detected even less frequently among the rha+ selected hybrids. By comparison, in the crosses with unmated S. typhosa WR4200 both the mtl-and arg-alleles underwent recombination in about 20% of the hybrids selected for receipt of the associated positive allele. Inheritance of the ara+ marker was high in these rematings (36 to 60%) as compared with its 20 to 22% inheritance in the similar crosses with unmated S. typhosa WR4200. However, the ara+ marker was not expressed by the eight hybrids in which expression of the mtl-allele was detected or by the five in which expression of the arg-allele was apparent. All hybrids expressing the ara+ marker were observed to segregate this allele. Not surprisingly, therefore, expression of the leu-allele was not apparent in any of the hybrids. DISCUSSION
In previous studies of the E. coli x S. typhosa mating system, considerable emphasis has been placed on the finding that the majority of the S. typhosa hybrids behaved as partial diploids (3, 4) . In the present study we were concerned primarily with the proficiency with which haploid recombinants are formed in this system. Our use of the negatively marked E. coli Hfr strain WR2009 in these matings with S. typhosa has demonstrated a significant occurrence of genetic recombination, as evidenced especially by the 52% incidence of leu-haploidy among the ara+ selected hybrids. At the same time, the high incidence of partial diploidy previously seen (4) among rha+ and xyl+ selected S. typhosa hybrids from matings with E. coli Hfr Cavalli was also evident in the present matings with E. coli Hfr WR2009. Over 65% of the xyl+ selected hybrids, for example, were observed to segregate inherited positive alleles, even though most of these hybrids were not repeatedly examined for such segregation. Although segregation of the xyl+ allele itself was observed only in about 50% of these hybrids, we suspect from the inheritance pattern and from our previously cited experience with such hybrids that a more assiduous examination would have revealed about a 70% instability of this marker. The incidence of recombination at the sites of the xyl+ and rha+ alleles is probably somewhat higher than the 19 to 20% measured by the associated mtl-and arg-markers, since a chromosomal length of at least I min separates each of those positive alleles from its negative associate. It would be expected, therefore, that an additional percentage of the xyl+ and rha+ selected hybrids should be recombinant for the xyl+ or rha+ marker alone. However, as inferred above, we would not expect the overall recombination frequency at the site of either allele to be much greater than 30%. The apparently higher recombination frequency observed at the ara+ locus reflects, we believe, the transfer of this allele as a more proximal Hfr marker and is not, in our opinion, due to any peculiarity of this chromosomal region. In other words the more extensive transfer of E. coli genetic material generally received by rha+ or xyl+ selected hybrids results in a higher incidence of diploidy and a lower frequency of recombination than is the case among ara+ selected hybrids.
The haploid inheritance patterns observed among the xyl+ and rha+ selected hybrids examined in this study provide a good basis for estimating the length of the E. coli genetic segments which generally undergo recombination in S. typhosa hybrids. After the segregation of all unstable positive alleles was completed, 11 of 20 xyl+ selected haploid hybrids were of the xyl+ mtl-tna+ class, and 9 of 20 were of the xyl+ mtlclass. Of the 11 rha+ selected hybrids which expressed the arg-allele, only one expressed, in addition, the tna+ allele, suggesting that haploid inheritance distal to the selected marker is probably less extensive than is proximal haploid inheritance. With some allowance for haploid inheritance extending beyond the limits measured by these reference markers (see Fig. 1 ), it appears that genetic recombination in this system occurs, in most instances, over chromosomal segments of approximately 4 min or less in length. Therefore, the E. coli x S. typhosa cross is seen to be one in which short E. coli chromosomal segments may undergo recombination, whereas relatively extensive E. coli chromosomal segments as previously noted (3, 4, 10, 13) may be conserved in the diploid state.
Although S. typhosa thus appears capable of recombining E. coli deoxyribonucleic acid (DNA) with its own, it is evident that this recombination does not occur with the efficiency which characterizes intrastrain K-12 crosses. Nor, for that matter, does the recombination of E. coli DNA in S. typhosa appear to occur as efficiently as does the recombination of S. typhimurium DNA after its transfer to S. typhosa (15) . In this interspecies mating the chromosomal segments involved in recombination are also quite short, but all of the S. typhosa hybrids recovered appear to be true recombinants as opposed to partial diploids. At the present time little is known about the recombination enzymes of S. typhosa, thus making it difficult to assess their role in the recombination of E. coli DNA. We would, in any case, expect the demonstrated dissimilarities between the nucleotide sequences of E. coli DNA and those of S. typhosa DNA (6) to be a major factor in the difficulty exhibited by S. typhosa in conserving E. coli genes. Incomplete base sequence homology of the E. coli and S. typhosa DNA molecules was proposed earlier by Falkow, et al. (10) as an explanation for the low frequency of recovery and the instability of E. coli x S. typhosa hybrids. This view still seems to us consistent with presently available data.
Previously we observed that the presence of E. coli genetic material in S. typhosa hybrids increased, upon remating, the frequency with which subsequently transferred E. coli markers were recovered (14) . However, the occurrence of this increased frequency of recovery was dependent upon the initially transferred E. coli DNA contained in the hybrid being proximally located with respect to the subsequently selected Hfr marker. We do not know as yet how the higher frequencies of hybrid recovery observed in the present study among the remated haploid recombinants may be related to our previous findings, nor without further study will we attempt to explain the lower incidence of recombination among the remated haploid hybrids. In fact, we still lack a sufficient understanding of the initial ability of S. typhosa to accept and conserve, albeit inefficiently, E. colil DNA. S. typhosa in our experience appears somewhat unique among the Salmonellae examined, in that it behaves as a homogeneously fertile population with regard to its recipient ability in matings with E. coil K-12 donors (14) . This ability in S. typhimurium, for example, is found only in rare or mutant cells of that population (2, 9, 17) and is believed by some workers (7, 18) to be explainable in terms of host controlled restriction and modification of DNA (1, 5, 8) . At the present time we cannot properly compare the behavior of S. typhosa as a recipient of E. coil DNA with that of fertile S. typhimurlum strains, primarily because the formation of partial diploid hybrids in those S. typhimurium strains has not been sufficiently investigated. We have at present no evidence that S.
typhosa restricts E. colil DNA. However, the extent to which absent or reduced DNA restriction might be responsible for the initial mating capability of S. typhosa has yet to be determined.
